The solubility of CO 2 in various aqueous amine based solvents was determined at lower CO 2 partial pressures. Cyclic capacity of various potential aqueous amine based solvents at 10 kPa CO 2 partial pressure was determined by performing CO 2 absorption at 30 
Introduction
Separation of carbon dioxide from large amount of flue gas by chemical separation is known as one of the most reliable and economical processes. Various studies for process enhancement and commercial operations have been performed. However, with standard industrial technology, the separation is still expensive, both in terms of capital cost (capex) and operating cost (opex). The main cost items of the process are the size of the absorption and regenerator, and the lean/rich cross flow heat exchanger. High opex is related to the energy requirement for regeneration of the solvent circulating in the process, corresponding to 80% of the total. Other problems include degradation, precipitation, corrosion, foaming, evaporation etc. Therefore, novel solvent systems have to be developed to make the removal of carbon dioxide from flue gases a more cost effective process.
Results obtained from previous work on structure and activity relationships for CO 2 absorption and regeneration with various aqueous amine based solvents has already identified some novel solvents (P. Singh et al. 2007 . For example Hexylamine, 1,4 Diaminobutane and Hexamethylenediamine at 30 o C temp.,1 atm pressure reached CO 2 loading up to 1.52, 1.26 and 1.48 moles CO 2 /moles amine respectively. In this previous study, CO 2 absorption experiments were performed under pure CO 2 environment whereas, under real process conditions the CO 2 partial pressure is significantly lower e.g. 3.5-12 kPa. This can significantly affect the CO 2 solubility in solvents, and hence it is necessary to evaluate potential solvents under low CO 2 partial pressure environment. In this work the most promising solvents have been selected from the previous screening experimental study, in which solvents were evaluated on the basis of their CO 2 absorption capacity and initial absorption rate. In addition several new solvent candidate, which were considered to be interesting from their structural point of view were also evaluated.
The optimal design and operation of absorption and desorption columns requires detailed knowledge of several parameters, with the most important one is the vapour-liquid equilibrium (VLE) of CO 2 in the newly developed amine based solvents. Therefore, detailed study has been performed to investigate the solubility of CO 2 on the basis of CO 2 partial pressure in the selected solvents. VLE experiments have been performed with the CO 2 partial pressure ranging from 1 to 40 kPa and temperature of 30 o C.
The cyclic capacity, which is defined as the difference between the concentration of the CO 2 rich loading and CO 2 lean loading, is a major factor in evaluating new solvents. The maximum cyclic capacity will be achieved when equilibrium is attained in both absorption and desorption experiment. For cyclic capacity determination, absorption experiment with 10 vol% CO 2 was performed at 30 +/-0.5 o C using single amine-based solvents. Once the solvent reached the equilibrium under absorption experiment, regeneration of the solvent was done at 90 +/-0.5 o C by stripping the solvent for 5 hour with N 2 gas. The pressure in the bubble column reactor was kept at 1 atmosphere. CO 2 loading was determined by inline GC connected at the outlet.
Experiment
The potential amine based aqueous solvents were tested in a screening apparatus where relative rates of absorption, equilibrium absorption capacity and regeneration capacity can be measured. More commonly used solvents such as Monoethanolanmine (MEA), Diethanolamine (DEA), Diisopropanolamine (DIPA), and Piperazine (Pz) which were used as a reference for comparison. Most of the solvents tested in these experiments had a good solubility in water. However, some amine based solvents concentration in the solution could vary with the type of compound only to e.g. molecular weight and solubility. This implies that the molar concentrations for the solvents used in these experiments were not the same.
For a comparison with commonly used solvents (MEA, DEA and DIPA) experiments at two different concentrations 0.5 and 2.5 Mole/Litre were done. For Piperazine experiment were done at 0.5 Mole/Litre concentration. For absorption experiments the solvents were treated with CO 2 at 10 kPa partial pressure mixed with N 2 as a make-up gas at 30 +/-0.5 o C temperature. Regeneration experiments were done at 90 +/-0.5 o C temperature, in which N 2 gas was used as a stripping gas. These solvent screening experiments were performed at 1 atmospheric pressure. The time duration for these experiments was kept until
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In the experiment set-up used four different bubble column reactors were placed in parallel inside an oven. First of all fresh solution of known volume (80 ml) and specific concentration was transferred into each of the reactor. To remove traces of CO 2 present into the solvent, it was stripped with saturated N 2 gas for approximately an hour. Once the temperature was stabilized and CO 2 traces were removed from the solvent, the saturated inlet of 10 kPa CO 2 partial pressure, balanced with N 2 gas was bubbled through the solvents. Once the solvent reached equilibrium, regeneration was performed at 90 o C by stripping the solvent with saturated N 2 gas. CO 2 loading was determined by inline GC connected at the outlet. The gas flow rate in every reactor was kept constant for every experiment (10 nl/hr). CO 2 rich and lean loading from solvent sample was also determined by liquid sampling using GC analysis. To determine vapour liquid equilibrium data the same experiment set-up has been used. In these experiments absorption tests were done at 30 o C and at 1 atm. The CO 2 partial pressure used for these experiments were 1, 5, 10, 20 40 kPa. The four parallel reactors were first filled with known volume (80 ml) of fresh solution of specific concentration and traces of CO 2 were removed from the solvents. Once the temperature is stabilized in the reactor and CO 2 traces were removed from the solvent, the saturated inlet gas having 1 kPa CO 2 partial pressure balanced with N 2 gas was bubbled through each solvent. The gas flow rate in each reactor was kept constant for every experiment (10 nl/hr). The CO 2 concentration in the outlet was noticed by inline GC. Once the concentration of CO 2 reached the inlet concentration the inlet stream was switched to 5 kPa CO 2 (again balanced with N 2 gas). Once again the CO 2 concentration in the outlet was noticed by inline GC. Similarly when the outlet CO 2 concentration reached the same concentration of inlet, the CO 2 partial pressure in the inlet was again increased to a higher CO 2 partial pressure of 10 kPa. This procedure was repeated for 20 and 40 kPa CO 2 partial pressure experiments. To prevent solvent loss during these experiments condenser temperature for the outlet stream was kept around 5 o C. All chemicals investigated (see Table 2 ) were kept at high purity around 99 % and were purchased from Sigma Aldrich Chemical Co.
Results and discussion
The various aqueous amine based solvents can be compared for their absorption behaviour on the basis of the absorption and regeneration experimental results at CO 2 partial pressure of 10 kPa. In these results where saturation was reached for all solvents in absorption experiments at 30 o C and in regeneration experiment at 90 o C (CO 2 lean loading was taken after first hour of regeneration) allows a comparison of various solvents absorption capacity and also the cyclic capacity. In addition the CO 2 outlet absorption breakthrough curves gives an indication on the initial absorption rate, which shows the reactivity characteristics of various amine based solvents at low CO 2 partial pressure. It must be noticed that the gas flow rate was kept same for all solvents so; differences would arise mainly due to variations in interfacial tension, density, viscosity and heat of absorption, which are indeed all characteristics for each solvent. Table 2 , shows the rich and lean loading in moles CO 2 /moles amine and also the cyclic loading of various aqueous amine based solvents. The repeatability of these experiments was within 5% deviation. In addition to the cyclic capacity, absorption rate is also important in designing an absorption column to reduce its size. It should therefore be noticed that this experimental set-up is not only suitable to determine equilibrium loading of the solvent, but also a preliminary indication on the initial absorption rate for various solvents was obtained from the CO 2 outlet absorption breakthrough curve over time. The slope value (min -1 ) shown in Table 2 is taken from the CO 2 absorption breakthrough curve (e.g. Figure 2 ) for each solvent. Taking the slope value (min -1 ) from CO 2 outlet absorption breakthrough curve over time is considered a better measure for comparison in initial absorption rate of various solvents than taking slope value from the CO 2 loading (moles CO 2 /moles amine) over time. MEA>DEA>DIPA. Similar order for these reference solvents was also noticed from their CO 2 breakthrough absorption curve (Figure 2 ) and also from their slope values (Table 2) . Hence, from the slope values shown in Table 2 , it is possible to have preliminary indication on initial absorption rate behaviour for various solvents. Moreover, the CO 2 inlet concentration, amount of solvent, temperature, pressure, CO 2 flow rate etc. were the same for all absorption experiments. Hence, the slope value is a reliable, relative measure for the absorption rate/'reactivity', allowing for comparison between the various solvents within the set of solvents studied. Table 2 . The "slope value" presented in Table 2 were taken from the CO 2 absorption break through curve for each solvents over the range from 0.2 to 0.6 CO 2 outlet concentration / CO 2 inlet concentration.
Increase in chain length in diamine based solvents results in an increase in cyclic loading as in 1,7-Diaminoheptane (with a seven china length) shows high cyclic loading up to 0.81 moles CO 2 /moles amine. Steric hindrance effect was also noticed for solvents having alkyl group substitution at -carbon to amine group (Sec-butylamine), which enhances the absorption capacity, rich loading reaches up to 0.59 moles CO 2 /moles amine. While alkyl group substituted at -carbon to the amine group (Isobutylamine) showed lower rich loading of 0.39 moles CO 2 /moles amine. Interestingly the absorption slope value was found to be lower for Sec-butylamine when compared with Isobutylamine. Hence, from these results clear effect of steric hindrance can be noticed at low CO 2 partial pressure. Due to the high vapour pressure of Sec-butylamine and Isobutylamine regeneration experiment could not be performed for these solvents.
From these results, difference between primary and tertiary amine based solvents was also clearly noticed. 1-3 Diamino propane (3 carbon chain length between 2 amine group; primary amine) showed lower cyclic capacity when compared with 1,3-Propanediamine, N,N,N',N'-tetramethyl (3 carbon chain length between 2 amine group; tertiary amine). Whereas, absorption slope value was found to be higher for 1-3 Diamino propane of 9.74E-03 min -1 when compared with 1,3-Propanediamine, N,N,N',N'-tetramethyl of 1.46E-03 min -1 . Therefore, from these results it is clear that tertiary amine are having higher cyclic capacity which means that they can regenerate higher amount of CO 2 compared to primary amine. Hence, these results indicates that tertiary amine is forming more carbonate or bicarbonate species compare to primary amine.
It should be noticed that from these results the cyclic amine based solvents substituted with alkyl or amine group didn't result in an enhanced cyclic loading and absorption slope value. Whereas, when cyclic diamine based solvents was substituted with an amine group by side chain (2-(1-Piperazinyl)ethylamine) and with two alkyl group at 2 nd and 5 th position in the cyclic ring (Trans piperazine, 2-5 dimethyl), rich loading is enhanced up to 1.50 moles CO 2 /moles amine and 0.93 moles CO 2 /moles amine respectively, when compared with piperazine rich loading of 0.87 moles CO 2 /moles amine. It should be noticed that the temperature used in these regeneration experiments (90 o C) is much lower when compared to commercial process temperature that is around 120 o C. Hence, cyclic loading reported in this work for potential solvents could potentially be significantly further increased when tested at higher temperature. 1,6-Hexanediamine, N,N'-dimethyl which is a 6 carbon chain length secondary diamine based solvent, where each amine group is substituted with an alkyl group by side chain, has showed quite high cyclic loading 0.85 moles CO 2 /moles amine, which is slightly higher cyclic loading achieved for piperazine 0.80 moles CO 2 /moles amine. Interestingly 1,6-Hexanediamine, N,N'-dimethyl have showed quite high rich loading of 1.51 moles CO 2 /moles amine when compared with the rich loading of 0.51 Mole/L piperazine (0.87 moles CO 2 /moles amine) and 0.5 Mole/L MEA (0.61 moles CO 2 /moles amine). Whereas, 1,6-Hexanediamine, N,N'-dimethyl has showed similar slope value of 1.06E-02 min -1 when compared with slope value of 0.5 Mole/L MEA with slope value of 1.01E-02 min -1 . Hence, considering all the properties, 1,6-Hexanediamine, N,N'-dimethyl was chosen for further solubility study. The experimental solubility data is presented in Table 3 and 4, respectively, and is plotted in 
Conclusion
Cyclic loading of various aqueous amine based solvents were determined at low CO 2 partial pressure (10 kPa). 1,7-Diaminoheptane and 1,6-Hexanediamine, N,N'-dimethyl showed high cyclic loading of 0.81 and 0.85 moles CO 2 /moles amine respectively. 1,6-Hexanediamine, N,N'-dimethyl was selected for solubility study at various CO 2 partial pressure ranging from 1 up to 40 kPa, at 30 o C and 1 atmosphere. The solubility of CO 2 in 2.55 Mole/L aqueous 1,6-Hexanediamine, N,N'-dimethyl is much higher when compared to the 2.5 Mole/L MEA at lower CO 2 partial pressure. Hence, from these results it is clear that 1,6-Hexanediamine, N,N'-dimethyl has a great potential in reducing the solvent circulation rate in the CO 2 absorption process. Further investigation related to the solubility of 1,6-Hexanediamine, N,N'-dimethyl at higher temperature e.g. 70 o C will be performed.
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